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Light-Dependent Translocation of Visual Arrestin
Regulated by the NINAC Myosin III
photoresponse, also undergoes dramatic light-depen-
dent translocation, though the direction of movement
is opposite to that of the TRPL and the G and G
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The Johns Hopkins University School of Medicine
Baltimore, Maryland 21205 subunits. In response to light stimulation, arrestin mi-
grates into the outer segments/rhabdomeres of verte-
brate and Drosophila photoreceptor cells (Broekhuyse
et al., 1985; Philp et al., 1987; Whelan and McGinnis,Summary
1988; Kiselev et al., 2000).
The rhodopsin regulatory protein, visual arrestin, un- The light-dependent translocations of signaling pro-
dergoes light-dependent trafficking in mammalian and teins in photoreceptor cells appear to function in long-
Drosophila photoreceptor cells, though the mecha- term light adaptation (reviewed in Arshavsky, 2003;
nisms underlying these movements are poorly under- Hardie, 2003). Photoreceptor cells adapt to increasing
stood. In Drosophila, the movement of the visual ar- intensities of background illumination by increasing the
restin, Arr2, functions in long-term adaptation and is rate of termination of the photoresponse. The rate of
dependent on interaction with phosphoinositides (PIs). termination of the light response is relatively slow in
However, the basis for the requirement for PIs for light- animals that are initially dark-adapted. Prior exposure
dependent shuttling was unclear. Here, we demon- to background illumination accelerates the rate of re-
strated that the dynamic trafficking of Arr2 into the sponse termination. However, mutations that decrease
phototransducing compartment, the rhabdomere, re- the rate of translocation of the Drosophila visual arrestin
quired the eye-enriched myosin III, NINAC. We showed from the cell body to the rhabdomere cause correspond-
that defects in ninaC resulted in a long-term adapta- ing defects in this mode of adaptation (Lee et al., 2003).
tion phenotype similar to that which occurred in arr2 A critical question concerns the mechanisms underly-
mutants. The interaction between Arr2 and NINAC was ing the light-dependent shuttling of signaling proteins,
PI dependent and NINAC bound directly to PIs. These such as visual arrestin. Since mammalian rhodopsin un-
data demonstrate that the light-dependent transloca- dergoes light-dependent phosphorylation, which pro-
tion of Arr2 into the rhabdomeres requires PI-mediated motes binding to visual arrestin (reviewed in Arshavsky,
interactions between Arr2 and the NINAC myosin III. 2002), it has been proposed that visual arrestin becomes
concentrated in the outer segments due to binding to
Introduction phosphorylated rhodopsin (Mangini et al., 1994). How-
ever, it has been shown recently that translocation of
The activity of signaling cascades can be profoundly visual arrestin into the outer segments occurs normally
affected by modulating the levels of regulatory proteins in rhodopsin kinase-deficient mice (Mendez et al., 2003;
in specialized cellular compartments. The concentra- Zhang et al., 2003). We have recently shown that the
tions of such proteins can be altered through changes major Drosophila visual arrestin, Arr2, binds to phospho-
in protein synthesis or degradation. However, a faster inositides (PIs) and that this interaction is necessary for
mechanism for regulating the levels of a signaling pro- light-induced trafficking (Lee et al., 2003). However, the
tein involves protein trafficking in response to agonist basis for this PI requirement and the identity of proteins
stimulation. Dynamic movements of signaling proteins that promote the light-dependent translocation of Arr2
are of particular importance to neurons, such as photo- or any other signaling protein have not been identified.
receptors, which are highly polarized and respond to In the current work, we report that the NINAC myosin
their external stimulus, light, with great rapidity.
III, which consists of linked protein kinase and myosin
During the last two decades, it has become clear that
head domains (Montell and Rubin, 1988), was required
several key signaling proteins in mammalian and Dro-
for movement of Arr2 into the rhabdomeres. NINAC is
sophila photoreceptor cells undergo light-dependent
expressed as two isoforms, p132 and p174, which aretranslocations in and out of the phototransducing com-
detected exclusively in the cell bodies and rhabdom-partments, the outer segments, and rhabdomeres, re-
eres, respectively (Porter et al., 1992). While p174 isspectively. These include the Drosophila TRPL cation
required for response termination (Porter et al., 1992),channel (Ba¨hner et al., 2002) and the G and G subunits
no role for p132 in the photoresponse has been de-(Sokolov et al., 2002; Kosloff et al., 2003), which are
scribed. In this study, we found that p132 was the pri-concentrated in the phototransducing compartments
mary isoform necessary for light-dependent traffickingonly in dark-adapted animals. Upon exposure to light
of Arr2 into the rhabdomeres. Moreover, flies that do notstimulation, these proteins shuttle into the cell bodies
express p132 display a defect in long-term adaptation,or inner segments over the course of several minutes.
consistent with its role in Arr2 shuttling. We showed thatVisual arrestin, which participates in termination of the
the interaction between Arr2 and PIs was required for
Arr2 to interact with NINAC, that NINAC was also a PI
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binding protein, and that these interactions promoted1Present address: Department of Biochemistry and Biophysics, Mis-
the light-dependent movement of Arr2 into the rhab-sion Bay Genentech Hall, University of California, San Francisco,
San Francisco, California 94143. domeres. These data indicate that the light-dependent
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its spatial distribution in wild-type and null ninaC mutant
flies (ninaCP235) at several time points after light stimulation.
In dark-adapted wild-type and ninaCP235 flies, Arr2 was
dispersed throughout the photoreceptor cells (Figures
1A and 1D), with a greater overall proportion of the Arr2
pool in the cell bodies than in the rhabdomeres (Figure
1M). After a 5 min exposure of wild-type flies to blue
light, which stably converts rhodopsin to light-activated
metarhodopsin, Arr2 was concentrated in the rhabdo-
meres (Figures 1B and 1N). However, in ninaCP235 flies,
Arr2 was not concentrated in the rhabdomeres (Figures
1E and 1N), even after stimulating the flies for 1 hr with
light (Figures 1F and 1O). Elimination of NINAC did not
have a global effect on rhabdomeral localization, as the
spatial distributions of other rhabdomere-enriched pro-
teins were similar in wild-type and ninaCP235 photorecep-
tor cells (see Supplemental Figure S1 at http://www.
neuron.org/cgi/content/full/43/1/95/DC1). An exception
is calmodulin; NINAC is the major retinal calmodulin
binding target, and elimination of NINAC results in insta-
bility of calmodulin in both the cell body and rhabdo-
meral compartments (Porter et al., 1993, 1995). In con-
trast to calmodulin, the overall concentration of Arr2 was
unaffected in ninaCP235 photoreceptor cells (see below;
Figure 3).
Requirements for p174 and p132
for Arr2 Movement
To address the requirements for the individual NINAC
isoforms for light-dependent shuttling of Arr2 into the
rhabdomeres, we performed immunostaining on photo-
receptor cells obtained from flies that expressed only
p174 (ninaC132) or p132 (ninaC174) (Porter et al., 1992).
After a 5 min pulse of blue light, the relative concentra-
tion of Arr2 in the ninaC132 rhabdomeres increased, al-
though to a smaller extent than in wild-type (Figures
1B, 1H, and 1N; p  0.0005, Student’s unpaired t test).
Following exposure of ninaC132 to blue light for 1 hr,
Arr2 was enriched in the rhabdomeres (Figures 1I and
1O). Thus, the kinetics of Arr2 trafficking in ninaC132Figure 1. Defects in Light-Dependent Translocation of Arr2 in ninaC
were retarded rather than eliminated as in the ninaCP235Mutant Flies
null mutant. Light-induced movement of Arr2 into the(A–L) Tangential sections of adult compound eyes were obtained
from white-eyed flies (2 days old) of the indicated genotypes. The rhabdomeres was not impaired detectably in ninaC174
flies were raised under a normal light/dark cycle and then either (Figures 1J–1O); however, p174 appeared to contribute
dark-adapted for 4 hr (A, D, G, and J) or exposed to 5 min blue light to some extent to Arr2 translocation as elimination of
(B, E, H, and K) or 1 hr blue light (C, F, I, and L). Immunostaining both proteins in ninaCP235 caused a more severe pheno-was performed with -Arr2 antibodies. The seven ovals in each
type than disruption of p132 alone. These data indicatedunit eye (ommatidium) correspond to the rhabdomeres (r). The cell
that p132 was the NINAC isoform most critical for light-bodies (b) are located near the periphery of the ommatidia. Scale
bar equals 10 m. dependent trafficking of Arr2 into the rhabdomeres. In
(M–O) Quantification of Arr2 staining in the rhabdomeres from (A)–(L) contrast to these results, elimination of p132 had no
(see Experimental Procedures). SEMs were based on examination effect on the dark-associated retrograde movement of
of 5–7 ommatidia obtained from separate flies. Arr2 from the rhabdomeres to the cell bodies (Supple-
mental Figure S4 at http://www.neuron.org/cgi/content/
full/43/1/95/DC1).
shuttling of Arr2 into the rhabdomeres requires an asso- The Arr2 movement could be due to a requirement
ciation with the NINAC myosin III that is mediated for either the protein kinase or myosin domain. However,
through PIs. we could not test whether mutations in the myosin do-
main disrupt Arr2 translocation since deletion of this
domain or point mutations in conserved residues, whichResults
are critical for the activity of other myosins, cause insta-
bility of the NINAC proteins (Porter and Montell, 1993).Arr2 Translocation Is Dependent on NINAC
To address whether NINAC is required for light-dependent Therefore, to determine whether the protein kinase do-
main was required, we changed the corresponding ly-trafficking of the major visual arrestin, Arr2, we examined
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sine in NINAC (residue 45), which is required for ATP
binding in other kinases (Kamps and Sefton, 1986), to
an arginine. We found that both NINAC isoforms were
expressed at the same levels in the transgenic flies,
ninaCK45R, as in wild-type (Supplemental Figure S3A). In
addition, on the basis of ERGs, there was no apparent
defect in activation or termination of the photoresponse
(Supplemental Figures S3B–S3E). Of importance here,
light-dependent translocation of Arr2 and long-term ad-
aptation were indistinguishable between ninaCK45R and
wild-type flies (Supplemental Figures S3F–S3L). These
data indicate that the protein kinase domain is dispens-
able for trafficking of Arr2.
ninaC Displays Defects in Long-Term Adaptation
We recently reported that the translocation of Arr2 is
required for long-term light adaptation (Lee et al., 2003).
Therefore, ninaC mutants that showed defects in Arr2
trafficking should display reductions in light adaptation.
To test this proposal, we performed electroretinogram
(ERG) recordings, which measure the summed light re-
sponses of all retinal cells. In wild-type flies, termination
of the light response was relatively slow in flies that had
been dark adapted for 4 hr, much faster after a 10 min
pre-exposure to light, and further accelerated after 1 hr
of prior light exposure (Figure 2). In contrast, we found
that ninaCP235 flies displayed a defect in long-term adap-
tation, as acceleration of the rate of termination of the
photoresponse by pre-exposure to light was much less
pronounced than in wild-type (Figure 2). The data further
Figure 2. Requirement for NINAC for Long-Term Adaptationsupport the conclusion that NINAC plays a crucial role
(A) ERGs. White-eyed flies (2 days old) of the indicated genotypesin Arr2 translocation and in long-term light adaptation.
were exposed to a 0.5 s pulse of strong orange light (30 mW/cm2;To determine whether there is a correlation between
indicated by the event marker below the ERGs). Before performinglong-term light adaptation and light-dependent translo-
the ERGs, the flies were either maintained in the dark for 4 hr (4 hr
cation of Arr2 in ninaC132 and ninaC174 flies, we per- D; black traces) or dark-adapted 4 hr followed by an exposure to
formed ERGs using the long-term adaptation paradigm white light for 10 min (10 min L, 50 mW/cm2; orange traces) or dark-
described above. We found that the rates of termination adapted following by a 1 hr pulse of white light (1 hr L, 50 mW/cm2;
blue traces).of the photoresponse were similar between wild-type
(B) Time required for an 80% recovery after termination of the lightand ninaC174, while the rate of the termination of the
response in (A). The error bars represent the SEMs (n  17–78).photoresponse in ninaC132, after a 10 min pre-exposure
to light, was intermediate between wild-type and the null
ninaCP235 flies (Figure 2; p 0.0005, Student’s unpaired t
modulin-agarose beads in a NINAC-dependent manner.test for wild-type versus ninaC132). These results indi-
To perform this assay, we employed pull-down assayscate that the rates of long-term adaptation were consis-
using extracts prepared from wild-type, ninaC132,tent with the light-dependent changes in Arr2 distribu-
ninaC174, and ninaCP235 fly heads. We detected Arr2 in thetion in these flies.
bound fraction from wild-type, ninaC132, and ninaC174
but not from extracts prepared from null ninaCP235 flyArr2 Associates with NINAC
heads (Figure 3). G did not bind to calmodulin-agarose
The preceding results raise the question as to how
in either the presence or absence of NINAC (Figure 3),
NINAC regulates the trafficking of Arr2. One possibility
while a known retinal calmodulin binding protein, RDGC
was that Arr2 could bind directly to NINAC. However,
(Lee and Montell, 2001), bound to calmodulin-agarose
Arr2 and NINAC did not appear to associate directly
in a NINAC-independent manner (Figure 3). These data
in vitro or to co-immunoprecipitate from fly heads (data
indicated that Arr2 interacted with both isoforms of
not shown). Therefore, we considered whether there
NINAC, since the binding to calmodulin-agarose was
might be an indirect interaction between NINAC and
dependent on the presence of NINAC.
Arr2, which might be disrupted by the conditions used
for the immunoprecipitations. To address this question,
we took advantage of the observation that the two PIs Mediate Interaction between Arr2 and NINAC
To investigate the nature of the Arr2/NINAC interaction,NINAC isoforms are the major retinal calmodulin bind-
ing proteins, while Arr2 does not bind calmodulin (see we first considered whether the detergent, TritonX-100,
might affect the association of Arr2 with calmodulin-Supplemental Figure S2 at http://www.neuron.org/cgi/
content/full/43/1/95/DC1). Therefore, we addressed agarose. Extracts from wild-type fly heads were applied
to calmodulin-agarose resin in the presence or absencewhether Arr2 from fly heads might associate with cal-
Neuron
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Figure 3. Interaction between Arr2 and NINAC
Calmodulin-agarose pull-down assays using w1118 (wt), ninaC132
(132), ninaC174 (174), and ninaCP235 (P235) fly head extracts.
Assays were performed as described (Porter et al., 1995), and the
Western blots were probed with -Arr2, -G, -NINAC, and
-RDGC antibodies. The input lanes contain 1% of the amounts of Figure 4. Interaction between Arr2 and NINAC Disrupted by
Arr2 or G proteins used in the binding assays. TritonX-100 or arr23K/Q Mutations, which Interfere with PI Binding
(A) Calmodulin-agarose pull-down assays using wild-type fly head
of varying concentrations of TritonX-100. Direct interac- extracts containing the indicated percentages of TritonX-100 in the
tions between calmodulin and either NINAC or RDGC buffer. The protein blots were probed with -Arr2, -NINAC, and
-RDGC antibodies.were unaffected by the highest concentration of
(B) Calmodulin-agarose pull-down assays using w1118 (wt), arr23K/QTritonX-100 used (1.6%; Figure 4A). In contrast, the low-
(K/Q), and ninaCP235 (P235) fly head extracts. The bound proteinsest level of TritonX-100 used in this assay (0.1%) pre-
were detected with -Arr2 and -NINAC antibodies. The input lanes
vented the association of Arr2 with the beads (Figure 4A). in both panels contain 1% of the amounts of Arr2 used in the bind-
Candidate molecules that could potentially contribute ing assays.
to Arr2/NINAC interactions and which are disrupted by
amphiphilic detergents include PIs. PIs are especially
attractive candidate intermediates linking Arr2 and To directly test whether PIs promote the Arr2/NINAC
NINAC, since Arr2 binds PIs and the Arr2/PI interaction interaction, we considered whether addition of PIs en-
is crucial for its light-dependent movement and for long- hanced binding of partially purified NINAC (Figure 6A)
term light adaptation (Lee et al., 2003). If the Arr2/NINAC to GST-Arr2-wt. We used phosphatidylinositol-4,5-bis-
interaction requires PIs, then it should be disrupted us- phosphate (PIP2) for these assays since PIP2 is among
ing a derivative of Arr2 with three lysine to glutamine the most abundant PIs in vivo (reviewed in Vanhaese-
substitutions (arr23K/Q), which severely disrupt PI binding broeck et al., 2001) and is among the PIs that bind
(Lee et al., 2003). We found that Arr2 binding to the most efficiently to Arr2 (Lee et al., 2003). While 0.1%
beads was decreased dramatically using arr23K/Q ex- TritonX-100 disrupted the Arr2/NINAC interaction, we
tracts (Figure 4B). NINAC extracted from either wild- found that addition of 30 M or more PIP2 increased the
type or arr23K/Q fly heads bound to calmodulin-agarose association between both NINAC isoforms and GST-
to a similar extent (Figure 4B, lower panel). Arr2C-wt (Figures 6A and 6C). Phosphatidylinositol
To provide a second assay to characterize the Arr2/ (PIns; an uncharged phosphoinositide) or inositol hexa-
NINAC interaction, we employed pull-down assays us- phosphate (IP6; a highly charged inositol phosphate
ing NINAC proteins partially purified from fly heads (Fig- without a lipid moiety) did not augment the Arr2/NINAC
ure 5A) and GST fused to the C-terminal portion of Arr2 interaction (Figures 6B and 6D).
(Arr2C-wt; amino acids 204–401), which contained the
main Arr2/PI binding site (Lee et al., 2003). We found
Direct Association of NINACthat NINAC associated with GST-Arr2C-wt, but not to
with PhosphoinositidesGST alone (Figure 5B). Moreover, there was relatively
The data indicating that PIs promote the physical asso-little association between NINAC and GST-Arr2C3K/Q
ciation of Arr2 and NINAC raise the possibility that(Figure 5B). Consistent with the reciprocal pull-down
NINAC also binds PIs. Therefore, we performed bindingassays using NINAC bound to beads (Figure 4A), the
assays using PIP2 and PIP3 beads. We found that bothinteraction between GST-Arr2C-wt and NINAC was dis-
partially purified isoforms of NINAC (Figure 5A) boundrupted by addition of 0.1% TritonX-100 to the buffer
to PIP2 and PIP3 beads but not to control beads (Figure(Figure 5B). The combination of the above data sug-
7A). RDGC, which is another retinal protein, did not bindgested that PIs mediated the association between Arr2
and NINAC. to PIP2 or PIP3 beads (Figure 7A). Since NINAC associ-
Translocation of Arrestin Regulated by NINAC
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Figure 5. Interaction between GST-Arr2 and
Partially Purified NINAC Disrupted by Deter-
gent and Arr23K/Q Mutations
(A) Partially purified NINAC. Proteins from fly
head extracts (input; 10%) were bound to cal-
modulin-agarose, washed, and eluted with
soluble calmodulin (partially purified). Pro-
teins were detected with Coomassie blue.
(B) GST pull-down assays. Partially purified
NINAC was incubated with GST, a GST-Arr2C
fusion protein (GST-Arr2C-wt; residues 204–
401), or a derivative of Arr2 containing lysine
to glutamine substitutions of residues 228,
231, and 257 (GST-Arr2C-3K/Q). The assay
was performed either in the absence (0%) or
presence of 0.1% TritonX-100 as indicated,
and the bound NINAC was detected with
-NINAC antibodies. The input lane contains
5% of the amount of NINAC used in the bind-
ing assays. An equal quantity of each of the
same samples used for the pull-down assay
was fractionated by SDS-PAGE and stained
with Coomassie blue.
ated with Arr2, the PI/NINAC interaction could poten- III. As such, NINAC represents the first protein required
for light-dependent movement of any signaling proteintially have been mediated through Arr2. However, we
found that NINAC partially purified from either null arr25 in vertebrates or invertebrates. In the ninaC null mutant
(ninaCP235), there was no detectable increase in rhab-or arr23K/Q flies bound effectively to either the PIP2 or
PIP3 beads (Figure 7B). domeral Arr2, even after a 1 hr exposure to light. Consis-
tent with the requirement for NINAC for Arr2 transloca-
tion, long-term light adaptation is severely disrupted inDiscussion
the ninaC null mutant, ninaCP235. This defect is more
pronounced than that observed in mutant flies express-Light-Dependent Translocation of Arr2 Is
Dependent on the NINAC Myosin III ing a derivative of Arr2 (Arr23K/Q), which displays a large
reduction in PI binding (Lee et al., 2003). The strongerWe conclude that the light-induced trafficking of Arr2
into the rhabdomeres depends on the NINAC myosin light adaptation phenotype in ninaCP235 than in arr23K/Q
Figure 6. Arr2/NINAC Binding Is Promoted
by Addition by PIP2
(A) Effect of addition of exogenous phospha-
tidylinositol-4,5-bisphosphate (PIP2) on the
interaction between GST-Arr2 and NINAC.
The wild-type GST-Arr2C fusion protein (resi-
dues 204–401) was coupled to glutathione
beads and incubated with partially purified
NINAC (Figure 5A) in the presence of the indi-
cated concentrations of PIP2 (M). The bound
NINAC proteins, as well as the GST-Arr2C
coupled to the beads, were eluted with 2
SDS-sample buffer. NINAC p132 and p174
were detected with -NINAC antibodies fol-
lowed by 125I-labeled protein A. Identical sam-
ples were fractionated by SDS-PAGE, and the
relative levels of GST-Arr2C in each sample
were detected by staining with Coomassie
blue (lower panel). The input lane contains
5% of the amount of NINAC used in the bind-
ing assays.
(B) Addition PIns or IP6 did not augment the
Arr2/NINAC interaction. 100 M PIP2, phos-
phatidylinositol (PIns), or inositol hexaphos-
phate (IP6) was added to a mixture consisting
of partially purified NINAC and GST-Arr2C
coupled to glutathione beads. The NINAC and
GST-Arr2C proteins (upper and lower panels,
respectively) were detected as described
above.
(C and D) Quantification of the bound NINAC in the GST pull-down assays (from [A] and [B], respectively). The percent of p174 and p132
bound to GST-Arr2C-wt was determined using a phosphoimager. The amount of NINAC bound to the beads in the absence of phosphoinositides
(0 M PIP2) is defined as 100%. SEMs were based on 3–4 sets of experiments.
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be a plus-ended myosin, which could potentially shuttle
cargo from the cell bodies into the rhabdomeres. How-
ever, we were not able to demonstrate that the NINAC
motor activity per se was required for movement of Arr2,
as point mutations in conserved residues required for
motor activity of other myosins, such as those in the
actin and ATP binding sites, cause instability of NINAC
in vivo (unpublished data; Porter and Montell, 1993).
Function of PIs in the Light-Dependent
Translocation of Arr2
We recently reported that translocation of Arr2 requires
direct interaction with PIs (Lee et al., 2003); however,
the basis of this requirement was not clear. In the current
work, we showed that the association of Arr2 and NINAC
is dependent on PIs and that NINAC binds PIs. In support
of this conclusion, we found that the Arr2/NINAC interac-
tion was disrupted by detergent and further augmented
by the addition of exogenous PIs. Furthermore, NINACFigure 7. NINAC Bound to PIs
bound to PIs in vitro. The interaction between NINAC(A) Partially purified NINAC proteins were incubated with PIP2, PIP3,
and Arr2 was dependent on PIs and not on calmodulin.or control (agarose beads without bound PIP3) beads. The eluted
proteins were resolved by SDS-PAGE and detected by Western Calmodulin could not serve as a link between NINAC and
blots using -NINAC and -RDGC antibodies. Arr2, as we showed that Arr2 did not bind calmodulin.
(B) PIP2 and PIP3 bead binding assays performed as in (A) using Although the NINAC proteins used for the biochemistry
w1118 (wt), arr23K/Q (K/Q), and arr25 (null). The input lane contains 5%
were characterized as partially purified, p132 and p174of the amount of NINAC used in the binding assays. The input lanes
were the only proteins clearly seen on a Coomassie-in both panels contain 5% of the amount of NINAC used in the
stained gel. Therefore, all other proteins were presentbinding assays.
at substoichiometric concentrations and would there-
fore not be effective linkers between NINAC and Arr2.
In addition, p132 has only one calmodulin binding siteis consistent with the findings that the PI/Arr2 interaction
(Porter et al., 1995). Consequently, the association ofand Arr2 translocation is reduced but not eliminated in
Arr2 to p132 immobilized on calmodulin-agarose couldarr23K/Q photoreceptor cells.
not have occurred through a second calmodulin boundThe current results also address a long-standing
to p132.question concerning the role for the cell body-enriched
We propose that p132 binds to PI-containing vesicles,isoform of NINAC p132. NINAC p174 is enriched in the
which bind simultaneously to Arr2, facilitating the traf-rhabdomeres and is required for termination of the pho-
ficking of Arr2 into the rhabdomeres. Interestingly, theretotransduction (Porter et al., 1992). However, a role for
is an age-dependent accumulation of vesicles in the cellp132 in the photoresponse had not been described,
bodies of ninaC132 (Hicks et al., 1996), which may resultwhich was not surprising given that p132 is detected
from the absence of p132-dependent vesicular move-exclusively in the cell bodies and phototransduction
ment into the rhabdomeres of these mutant flies. Al-takes place in the rhabdomeres. Nevertheless, while
though the null allele, ninaCP235, displays slow termina-both NINAC proteins participated in the light-dependent
tion of the light response and retinal degeneration, whichtranslocation of Arr2 into the rhabdomeres, we found
could indirectly affect Arr2 movement, ninaC132 flies dothat p132 was the primary isoform required. This conclu-
not undergo retinal degeneration or exhibit defects insion was further supported by the long-term adaptation
activation or termination of the photoresponse (Porterdefect in ninaC132 flies.
et al., 1992). While we cannot exclude that changes inBoth NINAC isoforms consist of linked protein kinase
calmodulin distribution associated with elimination ofand myosin domains, either of which might promote
p132 (Porter et al., 1992) contribute to the defect in Arr2Arr2 shuttling. We suggest that the myosin domain func-
translocation, several observations support the conclu-tions in the trafficking of Arr2 as a lysine to arginine
sion that p132 functions directly in light-dependentmutation in the protein kinase domain, which eliminates
movement of Arr2. These include the findings that p132enzymatic activity in other protein kinases, had no im-
associates with Arr2, the demonstration that this associ-pact on either Arr2 translocation or long-term adapta-
ation is dependent on PIs, and our previous report thattion. The relatively rapid movement of Arr2 into the rhab-
the Arr2-PI interaction is required for translocation (Leedomeres, which occurs over the course of a few minutes,
et al., 2003).suggests that the myosin motor activity may promote
the movement. Human photoreceptor cells express a
NINAC homolog, Myo3A (Dose´ and Burnside, 2000), Retrograde Movement of Arr2 to the Cell Bodies
May Be Independent of Myosinswhich moves toward the plus end of actin filaments
(Komaba et al., 2003). As is typical of other microvillar A remaining question concerns the mechanism underly-
ing the reciprocal translocation of Arr2 from the rhab-structures, the plus end of the filaments is oriented near
the distal tips of the microvilli (Arikawa et al., 1990). By domeres to the cell bodies in the dark. While p132 was
required for the rapid light-dependent shuttling of Arr2analogy to Myo3A, Drosophila NINAC also is likely to
Translocation of Arrestin Regulated by NINAC
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blue light (5 mW/cm2). Fly heads were hemisected under a diminto the rhabdomeres, it was dispensable for the dark-
red photographic safety light, fixed with paraformaldehyde, andassociated movement of Arr2 out of the rhabdomeres.
embedded in LR White resin as described (Lee et al., 2003). Cross-One possibility is that the transfer of Arr2 from the rhab-
sections (0.5 M) of compound eyes were obtained from the distal
domeres to the cell bodies may occur via myosin VI, (R7) region of the retina and stained with anti-Arr2 antibodies (a gift
which is a minus end-directed motor (Wells et al., 1999). from Dr. S. Subramaniam; diluted 1:500) and FITC-labeled second-
ary antibodies (diluted 1:50).However, photoreceptor cell-specific expression of a
Quantification of the relative amount of Arr2 in the rhabdomeresmyosin VI antisense transgene, which has been shown
was determined using the Segmentation and Measure Segmentto suppress myosin VI activity in vivo (Deng et al., 1999),
function in the IP Lab Spectrum program as described (Lee et al.,has no impact on Arr2 shuttling back to the cell bodies
2003). The area (A) and mean fluorescence intensity (I) in the rhab-
(unpublished data). Alternatively, the retrograde move- domeres (r), whole ommatidia (o), and background (b) in the extracel-
ment of Arr2 out of the rhabdomeres may occur by lular regions, such as the central matrix, were determined. The inte-
grated optical density (IOD) in the rhabdomeres and wholediffusion, since this movement occurs on the order of
ommatidia were calculated using the formulas IODr  (Ir 	 Ib)  Aseveral hours, while the NINAC-dependent trafficking
and IODo  (Io 	 Ib)  A, respectively. The percentages of Arr2 ininto the rhabdomeres is essentially complete in 10 min.
the rhabdomeres were calculated using the formula 100  IODr /
IODo. Each data set was based on ommatidia selected from 5–7
Light-Dependent Trafficking of Vertebrate different sections, each of which was obtained from separate flies.
Visual Arrestin
Electroretinogram RecordingsThe current study raises the question as to whether light-
Electroretinogram (ERG) recordings were performed essentially asstimulated translocation of vertebrate visual arrestin into
described (Lee and Montell, 2001). Briefly, white-eyed flies werethe outer segment of photoreceptor cells occurs through
fixed on microscope cover glasses, and two glass microelectrodes
interaction with a myosin or kinesin and, if so, whether filled with Ringer’s solution were inserted into small drops of elec-
the association is PI dependent. Mammalian visual ar- trode cream placed on the surface of the eye and the thorax. To
restin binds to inositol phosphates (Palczewski et al., perform ERGs on dark-adapted flies, the flies were fixed under a
dim red photographic safety light. A Newport light projector (model1991) and associates with vesicle-like structures in the
765) was used to stimulate the eye with a strong orange light (30inner segments (McGinnis et al., 2002). Kinesin-II is one
mW/cm2). The ERGs were amplified with a Warner Electrometer IE-candidate that could potentially participate in light-stim-
210, recorded with a MacLab/4s A/D converter, and viewed using
ulated trafficking, as both visual arrestin and opsin accu- the Chart v3.4/s program. We discarded the first ERG traces for the
mulate in the inner segments in KIF3A knockout mice analyses, since the characteristic feature of ninaC mutant ERGs is
(Marszalek et al., 2000). However, it is not known if the a larger amplitude and slower termination in the first response, even
after a short dark adaptation (Porter et al., 1992).kinesin-II participates in light-induced translocation of
visual arrestin or whether the observed effect on arrestin
Calmodulin-Agarose Pull-Down Assayslocalization is due to retinal degeneration. Unlike kinesin-
Pull-down assays, using calmodulin-agarose, were performed es-II-deficient photoreceptor cells, absence of p132 does
sentially as described (Porter et al., 1993), with minor modifications.not lead to retinal degeneration (Porter et al., 1992). It
Briefly, fly head extracts were prepared by homogenizing 100 fly
is intriguing to speculate that the vertebrate Myo3A or heads in 1 ml buffer A (10 mM imidazole [pH 7.35], 10% sucrose,
Myo3B might function in a manner analogous to NINAC. 5 mM MgCl2, 1 mM dithiothreitol, 160 mM KCl, and 1 c[I]mplete
protease inhibitor cocktail [Roche]) followed by centrifugation atConsistent with this possibility are the observations that
14,000 rpm for 30 min to remove the debris. The slurry of calmodulin-the cilium connecting the inner and outer segments con-
agarose (Sigma) (50 l) was washed three times in buffer A. Thetains actin, in addition to tubulin (Wolfrum and Schmitt,
beads were then incubated with fly head extracts (20 fly head2000). Moreover, Myo3B is expressed in the retina (Dose´
equivalents) and pelleted by centrifugation and the supernatants
and Burnside, 2002), and Myo3A is enriched in photore- were removed. The pelleted beads were washed four times with
ceptor cells (Dose´ et al., 2003) in addition to the cochlea buffer A and spun by centrifugation and 50 l of 2 SDS sample
buffer was added. To test the effect of detergent, various amounts(Walsh et al., 2002). Recently, one form of nonsyndromic
of TritonX-100 (0.1%–1.6%) were used during the incubation anddeafness has been attributed to mutations in human
washing (Figure 4A). The samples were resolved by SDS-PAGE,MYO3A (Walsh et al., 2002). Whether these individuals
transferred to polyvinylidene fluoride (PVDF) membranes, andalso have a defect in long-term light adaptation is an
probed with anti-Arr2 (gift from S. Subramaniam), anti-G (T. Wang
open question, which remains to be addressed. and C.M., unpublished), anti-NINAC (Montell and Rubin, 1988), and
anti-RDGC (Lee and Montell, 2001) antibodies. The signals were
Experimental Procedures detected using an enhanced chemiluminescence (ECL) kit (Amer-
sham). Attempts to co-immunoprecipitate NINAC and Arr2 followed
Fly Stocks conditions that we previously showed effectively co-immunoprecip-
The experiments were performed with the following white-eyed (w ) itate calmodulin and NINAC (Porter et al., 1995).
strains (2 days posteclosion) reared at 25
C under a 12 hr light/
12 hr dark cycle: w1118 (wt), w; ninaCP235, w; ninaCP235 P[ry, ninaCP174] GST Pull-Down Assays
(ninaC132) (Porter et al., 1992); w; ninaCP235 P[ry, ninaCP132] (ninaC174) Since the NINAC proteins are the major retinal calmodulin binding
(Porter et al., 1992); y w;; arr25 P[y, arr23K/Q] (arr23K/Q) (Lee et al., proteins, they were partially purified using calmodulin-agarose as
2003); and w;; arr25 (Alloway and Dolph, 1999). The P[ninaCK45R] described above, except that 0.25 mg/ml of soluble calmodulin
(ninaCK45R) transgenic flies were generated by mutating the sequence (Sigma P2277) was used for the elution instead of SDS-sample
encoding lysine 45 to encode an arginine and then assembling the buffer. The proteins in the eluted fraction, which were detected by
full-length ninaC genomic sequence for introduction into ninaCP235 Coomassie staining, were the two NINAC isoforms. However, there
null flies as previously described (Porter and Montell, 1993). were other calmodulin binding proteins, which were below the level
detected by Coomassie staining. Therefore, we referred to the eluted
proteins as partially purified NINAC. To perform the GST pull-downImmunolocalizations and Quantitative Analysis
The immunostainings were performed on young (2-day-old) flies, assays, the following proteins were purified and bound to glutathi-
one-Sepharose (Amersham) according to the manufacturer’s in-which were dark adapted for 4 hr and subsequently treated with
Neuron
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structions: (1) GST, (2) GST-Arr2C-3K/Q (Lee et al., 2003), and (3) in the retina is a potential candidate for Bardet-Biedl syndrome.
Genomics 79, 621–624.GST-Arr2C-wt. Partially purified NINAC (1 g) was combined with
1g of GST or the GST-fusion proteins coupled to 30l glutathione Dose´, A.C., Hillman, D.W., Wong, C., Sohlberg, L., Lin-Jones, J.,
beads in 0.4 ml buffer A. After incubation for 2 hours at 4
C, the and Burnside, B. (2003). Myo3A, one of two class III myosin genes
beads were pelleted by centrifugation and washed five times with expressed in vertebrate retina, is localized to the calycal processes
buffer A. Various concentrations of phosphoinositides (1–100 M of rod and cone photoreceptors and is expressed in the sacculus.
PIP2 and 100M phosphatidylinositol [Pins], Echelon Research Lab- Mol. Biol. Cell 14, 1058–1073.
oratories) or inositol hexaphosphates (100 M IP6, Sigma) (Figures Hardie, R.C. (2003). Phototransduction: shedding light on transloca-
6A and 6B) were used during the incubation and washing. In some
tion. Curr. Biol. 13, R775–R777.
experiments, 0.1% TritonX-100 was also included (Figure 5B). The
Hicks, J.L., Liu, X., and Williams, D.S. (1996). Role of the ninaCbound proteins were eluted with 2 SDS-sample buffer, resolved
proteins in photoreceptor cell structure: ultrastructure of ninaC dele-by SDS-PAGE, transferred to PVDF membranes, and probed with
tion mutants and binding to actin filaments. Cell Motil. Cytoskeletonanti-NINAC antibodies followed by 125I-labeled protein A (NEN). The
35, 367–379.membranes were exposed to BAS-III imaging plate (Fuji Film) for
Kamps, M.P., and Sefton, B.M. (1986). Neither arginine nor histidinequantification with the phosphoimager (BAS-1500, Fuji Film) or to
can carry out the function of lysine-295 in the ATP-binding site ofX-ray film for scanning. A parallel gel was made and stained with
p60src. Mol. Cell. Biol. 6, 751–757.Coomassie blue for detecting the GST fusion proteins used for the
pull-down assays. Kiselev, A., Socolich, M., Vinos, J., Hardy, R.W., Zuker, C.S., and
Ranganathan, R. (2000). A molecular pathway for light-dependent
PIP Bead Binding Assay photoreceptor apoptosis in Drosophila. Neuron 28, 139–152.
Partially purified NINAC (1 g) was mixed with PIP2 beads, PIP3 Komaba, S., Inoue, A., Maruta, S., Hosoya, H., and Ikebe, M. (2003).
beads, or control beads (40 l slurry; Echelon Research Labora- Determination of human myosin III as a motor protein having a
tories) in 400 l of buffer A. After a 2 hr incubation at 4
C, the beads protein kinase activity. J. Biol. Chem. 278, 21352–21360.
were pelleted by centrifugation and washed three times with buffer
Kosloff, M., Elia, N., Joel-Almagor, T., Timberg, R., Zars, T.D., Hyde,
A. The washed beads were pelleted and 50 l of 2 SDS-sample
D.R., Minke, B., and Selinger, Z. (2003). Regulation of light-depen-
buffer was added. The eluted proteins were resolved by SDS-PAGE,
dent Gq translocation and morphological changes in fly photore-
transferred to PVDF membranes, probed with anti-NINAC or anti-
ceptors. EMBO J. 22, 459–468.
RDGC antibodies, and detected by ECL.
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